Abstract--The purpose of this review is to discuss ways to think about and study sex differences in preclinical animal models. We use the framework of addiction, in which animal models have excellent face and construct validity, to illustrate the importance of considering sex differences. There are four types of sex differences: qualitative, quantitative, population, and mechanistic. A better understanding of the ways males and females can differ will help scientists design experiments to characterize better the presence or absence of sex differences in new phenomena that they are investigating. We have outlined major quantitative, population, and mechanistic sex differences in the addiction domain using a heuristic framework of the three established stages of the addiction cycle: binge/intoxication, withdrawal/negative affect, and preoccupation/anticipation. Female rats, in general, acquire the self-administration of drugs and alcohol more rapidly, escalate their drug taking with extended access more rapidly, show more motivational withdrawal, and (where tested in animal models of "craving") show greater reinstatement. The one exception is that female rats show less motivational withdrawal to alcohol. The bases for these quantitative sex differences appear to be both organizational, in that estradioltreated neonatal animals show the male phenotype, and activational, in that the female phenotype depends on the effects of gonadal hormones. In animals, differences within the estrous cycle can be observed but are relatively minor. Such hormonal effects seem to be most prevalent during the acquisition of drug taking and less influential once compulsive drug taking is established and are linked largely to progesterone and estradiol. This review emphasizes not only significant differences in the phenotypes of females and males in the domain of addiction but emphasizes the paucity of data to date in our understanding of those differences.
I. Introduction
In this review, we discuss ways to think about and study sex differences using preclinical models. These are general guidelines or suggestions and are not meant to be exhaustive. The domain of addiction will be used as a framework because animal models of addiction have excellent face and construct validity.
When beginning to study both males and females, it is important to first consider why it is that males and females might respond differently to experimental conditions, such as the experimenter and housing conditions. Consider the nature of the trait as you think about your experimental paradigm. Is there anything in the evolutionary history and/or current social structures of the species under investigation that might cause males and females to be different? Such considerations are relevant even for studies where the dependent measure is a physiologic or neuroanatomical characteristic or response. Housing conditions, handling, and the experimenter may impact the animal's response to a treatment or manipulation. Furthermore, males and females may be differentially affected.
This concept can also apply to the reproducibility of findings within one sex. Small changes in experimental conditions, the experimenter, and housing conditions can affect experimental outcomes, even when males and females are considered independently. This has been demonstrated elegantly by the work of Mogil and colleagues (Sorge et al., 2014) .
II. Investigation of Sex Differences
It can be confusing to start to investigate whether there is a sex difference because not all sex differences are alike. Some are easier than others to define and characterize, whereas others are the result of multiple factors. A number of authors have described various ways that males and females can be different (e.g., McCarthy et al., 2012) . We describe four types of sex differences with the hope that understanding how males and females may differ will help scientists design experiments to better characterize the presence or absence of sex differences in new phenomena that they are investigating (Fig. 1) .
As illustrated schematically in Fig. 1A , some sex differences are so dramatic that the traits that are exhibited by males and females do not look the same. These "qualitative differences" are exemplified by sexual behavior in the rat. During sexual interactions, the female exhibits lordosis behavior (dorsoflexion of the back with lateral diversion of the tail), and the male exhibits mounting with pelvic thrusting. These behaviors cannot be measured on the same scales, nor can they be directly compared.
On the other hand, many sex differences are "quantitative differences," in which males and females differ in the magnitude of their response (Fig. 1B) . The trait is the same, but one sex exhibits a greater response than the other. This can be seen in many dose-response studies. For example, female rats exhibit a greater locomotor response to psychomotor stimulants and more behavioral sensitization than do males (Robinson and Becker, 1986) .
There can also be sex differences in the incidence or distribution of individual traits. We call these "population differences" (Fig. 1C ). An example would be that more females (50%) choose cocaine over palatable pellets than males (16%), but the behaviors exhibited during cocaine taking are the same for males and females (Perry et al., 2013b (Perry et al., , 2015 . The population differences within a sex may be influenced by environmental events that interact with development, but these population differences are not necessarily attributable to the process of sexual differentiation. For example, more females than males acquire cocaine self-administration within three test sessions. Prenatal stress increases the percentage of males that acquire cocaine self-administration within three sessions, changing the distribution of males that rapidly acquire cocainetaking behavior to be equivalent to females (Thomas et al., 2009) .
It is important to note that for some behaviors or processes, the expression of a trait may look the same for males and females, but there are sex differences in the neural mechanisms that mediate the behaviors (Fig. 1D ). Both males and females exhibit a corticotropin-releasing factor-1 (CRF 1 ) receptor response to stimulation with CRF, for example, but there is a difference in the intracellular signaling pathways (Bangasser and Valentino, 2014) . Both male and female prairie voles form pair-bonds, but the neural mechanisms that mediate pair-bond formation are different (Hammock and Young, 2006) . In humans, such sex differences are also seen. Men and women exhibit an equivalent recall of emotional memories, but the response in the amygdala is different between sexes (Cahill, 2014) .
More than one of these types of sex differences can contribute to a given trait, and there may also be effects of the estrous cycle and/or influences of gonadal hormones on a trait. Many people assume that they need to start by looking at the effects of the estrous cycle on a particular function or behavior. For some traits, this may be true, but for many, the presence or absence of sex differences is sufficiently robust that randomly cycling females can be studied without additional Fig. 1 . Illustration of the four types of sex differences that can be observed in animal models: qualitative, quantitative, population, and mechanistic. Some sex differences are so dramatic that the traits that are exhibited by males and females do not look the same. These "qualitative differences" are exemplified by sexual behavior in the rat. Many sex differences are also "quantitative differences," in which males and females differ in the magnitude of their response. Sex differences in the incidence or distribution of individual traits are called "population differences." Finally, for some behaviors or processes, the expression of a trait may look the same for males and females, but there are sex differences in the neural "mechanisms" that mediate the behaviors.
variability being introduced by the estrous cycle (e.g., Prendergast et al., 2014) .
Thus, just as there are species differences in the brain and behavior, there are also sex differences. These differences have evolved because of the different ecological niches that males and females inhabit. Considering the perspective of the male's or female's natural ecology can help design tests that are valid for both sexes.
A. Behavioral Ecology of Male and Female Mammals
In the wild, male and female mammals experience the world through different lenses because females lactate and must provide nourishment to their young. This includes mammalian species with biparental care, in which the neural and behavioral mechanisms are different for mothers and fathers (Keverne, 2007) . Evolutionary scholars theorize that even for humans, sex differences in brain and behavior evolved due to different demands related to child care for women and successful hunting and gathering strategies for men (Keverne, 2007) .
For many species that do not exhibit biparental care, from rats to primates (but not mice), at puberty females remain in the natal unit and males disperse (Schultz and Lore, 1993) . In species with this strategy, females tend to live in a social group that consists primarily of other related females and juveniles. The reproductive success of a female depends on successfully rearing their young. To this end, females of many species coordinate their menstrual or estrous cycles so that the care of offspring can be shared (McClintock, 1984) . Social dominance among females means greater support in caring for offspring and even the suppression of fertility in nondominant females that care for the dominant female's young (Kleiman, 2011) .
For males, reproductive success depends on having access to females by maintaining dominance in a social group or defending a large territory. Therefore, males tend to be more aggressive toward other males than toward females. In seasonal breeders, males will form bachelor bands during the nonbreeding season when circulating testosterone is low but as soon as the hormones begin to surge, males become solitary and aggressive toward other males (Bonenfant et al., 2004) . In some species, males will form coalitions in an attempt to entice a female away from her social group, but this tends to be a strategy that is used by young males (e.g., dolphins and baboons) that are not strong enough to risk challenging the dominant male for access to females (Smuts, 1992) .
B. Behavioral Ecology of Rats and Mice
The social ecology of the mouse and rat are quite different, although both are small rodents. A short summary of the factors that may impact the study of sex differences in behavior follows. Rats and mice have a highly developed vomeronasal system and use ultrasonic communication extensively. Much information that is important in the world of the rat or mouse is lost to the investigator. These ultrasonic and chemical signals convey important information to other rats or mice about environmental dangers and how individuals differ from each other. Males and females will respond differently to the signals from conspecifics (e.g., the scent of a male rat might provoke an aggressive response in another male but induce sexual motivation in an estrous female).
In the wild, a female rat's territory is the nest she shares with her female relations (e.g., sisters or mother/daughter), whereas males disperse at puberty (Schultz and Lore, 1993) . Female rats in the nest engage in communal rearing of the young (Schultz and Lore, 1993) . A male rat will defend a territory of ;30 m in diameter, so the number of males a female encounters is limited by food availability and how far she must travel to forage (Barnett, 1963; Calhoun, 1963) . Thus, a male rat may experience the least social stress if individually housed once sexually mature, whereas adult females are stressed least when housed with other females. It should be noted that social housing during adolescence is important for the normal social development of males (e.g., Inagaki et al., 2013) . As adults, even the albino rat pays close attention to the activity of animals in adjacent cages when the cage walls are translucent (J.B. Becker, personal observation), so individually housed males each have their own territory but retain the company of other rats. Female rats that are housed individually exhibit chronic stress as indicated by adrenal hypertrophy, whereas individually housed males do not differ from pair-housed males on this measure (Westenbroek et al., 2005) .
By contrast, the mouse is an opportunistic animal, and its social structure depends to a great extent on the environment where it finds itself and the availability of resources (Bronson 1979) . Under the least stressful conditions for mice, with plentiful food availability and few predators, a dominant male defends a territory with multiple females living within the male's territory, and each female has its own area. Both males and females scent-mark their respective territories, and urinary cues are thought to convey information about an individual's identity to establish its territory, relay cues related to breeding status (e.g., male, female, sexual state, social status, etc.), and simultaneously prevent in-breeding.
Females are frequently found in groups with pups, but unlike rats in which communal nursing is common, the instance of communal nursing in mice is less than 33% (Weidt et al., 2014) . There are both pheromonal and ultrasonic cues to prevent in-breeding, and unlike rats, both male and female mice disperse at puberty (Bronson, 1979; Asaba et al., 2014 ).
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Finally, female mice that are reared in isolation from males tend to have disorganized reproductive cycles and are often anovulatory. This is attributable to olfactory/ pheromonal influences of the urine of adult females, which inhibits puberty in prepubertal females, whereas male urine can accelerate puberty. Because the vomeronasal system is very important for reproduction in the mouse and other rodents, it is unsurprising that this neural system is sexually dimorphic (Guillamon and Segovia, 1997) .
Thus, when studying the behavior of rodents, we need to be aware that they perceive information that humans do not detect with their senses, and these signals convey important information that can mean something different for males and females or interact with sex differences in behavior. For example, rodents are prey animals. The most salient information in their environment, other than conspecifics, is the presence of predators. Mogil and colleagues (Sorge et al., 2014) demonstrated that odors from male animals (humans and other species) induce a stress response that reduces the response to painful stimuli in rats and mice of both sexes, even when females have higher pain responses than males.
C. Implications for Working with Rats and Mice of Both Sexes
From the discussion above, sex and species differences in the sensitivity of males and females to pheromonal, ultrasonic, and social cues should also be considered when determining housing conditions, not just testing conditions. In particular, animal housing and husbandry conditions that reduce stress can be different for males and females (for discussion, see Bind et al., 2013) .
The effects of housing can have real outcomes on experimental results. For example, we have found that housing conditions differentially affect the selfadministration of cocaine in male and female rats. For female rats, pair housing reduces the rate of acquisition of cocaine self-administration and motivation to take cocaine, whereas pair housing does not affect the same behaviors in males (Westenbroek et al., 2013) . For additional details and a discussion of the effects of species-and sex-specific effects of social conditions and the stress response, see Beery and Kaufer (2015) .
Another consideration is how the data will be analyzed and whether there are sufficient numbers of animals to be tested to know whether there is a sex difference in the outcome. For an initial analysis, if the sex difference is a quantitative sex difference, then comparisons of the means are sufficient. For either qualitative differences or population differences, it is also important to look at whether there are differences in the distribution of males and females and a sufficient number of animals of each sex to obtain a valid index of the distribution. Some qualitative differences may be subtle and can be missed by automated equipment.
If the underlying mechanisms that mediate a trait differ, then males and females may look the same. It is important to keep in mind that although a trait does not differ for males and females, the mechanisms that mediate the trait can still be different, so both sexes need to be studied when mechanisms are subsequently investigated.
III. Sex Differences in Drug Abuse
Drug addiction can be heuristically framed by the stages through which users progress: binge/intoxication withdrawal/negative affect, and preoccupation/anticipation. These stages involve allostatic changes in the brain reward and stress systems. Both positive and negative reinforcement have been hypothesized to play a role in the processes associated with addiction. The binge/ intoxication stage involves the facilitation of incentive salience and is mediated largely by neurocircuitry in the basal ganglia, with a focus on activation of the "reward" neurotransmitters dopamine and opioid peptides that bind to m opioid receptors. The withdrawal/ negative affect stage of addiction involves not only drug-induced specific "physical" withdrawal but also a common drug-induced "motivational" withdrawal that is characterized by dysphoria, malaise, irritability, sleep disturbances, and hypersensitivity to pain, mediated largely by recruitment of the brain stress systems in the extended amygdala, including the neurochemical systems of CRF and dynorphin (Carlezon et al., 2000; Koob and Le Moal, 2001 ) that are sexually dimorphic (reviewed in Becker et al., 2012) . The preoccupation/ anticipation (or "craving") stage of the addiction cycle involves the dysregulation of executive control via dysregulation of prefrontal cortex circuits (Koob and Volkow, 2010) .
In this review, we focus primarily on the neurobiological bases for sex differences in addiction because those are the aspects we can best study in animal models. It should be noted that for humans our culture also plays an important role in shaping behavior. From the first day of life, infants are categorized by whether they are male or female. The clothes and colors that are worn, the toys infants are given to play with, whether the mother and father keep a toddler close or allow him or her to run farther away are all influenced by the perceived sex of the child. Some of these adult behaviors are based on the child's preference, such as toy choice, but many are biased by the adults' perception of what it means to be male or female (for discussion, see FaustoSterling, 2012) . Thus, whether girls and boys engage in risky behaviors, such as experimentation with drugs of abuse, is shaped by their culture in addition to their biology.
It should also be noted that as our culture has been changing in the United States, with greater opportunities and access for girls and women, the gap has been 246 closing between boys and girls in terms of drug use during adolescence since 2000 (Substance Abuse and Mental Health Services Administration, 2007) . Most of the data we have about the numbers of individuals who use drugs of abuse are cross-sectional surveys of use. We will not know the actual impact of the equal opportunity for adolescents to use drugs on the use of drugs by women and men for many years. There are data that we discuss herein where it seems the animal models are at odds with the human situation, but this may not be the case. It may simply reflect the prior sex biases in experimenting with drugs of abuse.
Although no animal model of addiction fully emulates the human condition, animal models do permit the investigation of specific elements of the drug addiction process. Thus, animal models are most likely to have construct or predictive validity when the model mimics only the specific signs or symptoms associated with the psychopathological condition (Geyer and Markou, 1995) . Such elements can be defined by models of different systems, models of psychologic constructs such as positive and negative reinforcement, models of actual symptoms of addiction outlined by psychiatric nosology, and models of different stages of the addiction cycle (Koob and Le Moal, 1997; Koob et al., 1998) .
In the present review, the animal models are organized by the stage of the addiction cycle that they most likely represent. However, it is critical to note that the particular behavior that is being studied in an animal model may or may not be symptomatic of the disorder and must be defined objectively and observed reliably. Indeed, the specific behavior may be found in both pathologic and nonpathological states but still have predictive validity. A good example of such a situation is the widespread use of drug reward as an animal model of the addiction process. Drug reward does not necessarily lead to addiction (e.g., the social drinking of alcohol), but the self-administration of alcohol has major predictive validity for the initiation and maintenance of drug use or the binge/intoxication stage of addiction, and it is difficult to imagine addiction without alcohol reward. A summary of the research results on sex differences in these stages of addiction for humans and rodents is found in Table 1 . A discussion of the studies that contributed to the results that are presented in Table 1 follows.
A. Sex Differences in the Binge/Intoxication Stage 1. Clinical Evidence. Historically, men drink larger amounts of alcohol than women, but the data indicate that consumption for men and women is becoming more similar and has been for the last several decades (Keyes et al., 2008) . Indeed, Keyes et al. (2008) found that among the oldest cohort of women (born in 1913-1932) , only 2% reported a lifetime prevalence of frequent binge drinking, whereas in the youngest cohort of women (born in 1968-1984) , 16% reported a lifetime prevalence of frequent binge drinking. Furthermore, among the oldest cohort, the odds of binge drinking in men was 10.55-times higher than in women, but for the youngest cohort, the odds of binge drinking in men was 2.66-times higher than in women (Keyes et al., 2008) .
Differences in the drinking patterns of women and men continued to narrow between 2002 and 2012. Among respondents aged 12 and older, there were increases in the percentages of females but not males who were current drinkers and binge drinkers. Drinking days per month increased for females and decreased for males (Keyes et al., 2010) . Sex differences in the patterns of alcohol drinking behavior in humans emerge by the end of adolescence (around 17 years of age) and persist across adulthood (Substance Abuse and Mental Health Services Administration, 2007).
Both social factors and biologic mechanisms have been argued to contribute to sex differences in alcohol drinking patterns that emerge at puberty (for review, see Witt, 2007) . For nicotine, the evidence indicates that stress plays a major role in the initiation of use in women but not in men (Torres and O'Dell, 2015) .
For other drugs of abuse, more men use and are addicted to opiates (Lee and Ho, 2013) as well as other drugs (Substance Abuse and Mental Health Services Administration, 2007). However, clinical reports suggest that for all substances, women who become addicted progress through the landmark stages from initial use to dependence at a faster rate than men (Kosten et al., 1993; Brady and Randall, 1999) . For cannabis, women report enhanced subjective ratings compared with men, and this may contribute to the more rapid progression to disordered cannabis use (Cooper and Haney, 2014) . This phenomenon has been termed "telescoping," and it was first described for alcoholism in women (Piazza et al., 1989 ) but has also been described for cocaine (reviewed in Becker and Hu, 2008) as well as cannabis use (Cooper and Haney, 2014) .
We note that whether women exhibit greater telescoping for alcoholism than men remains controversial (Keyes et al., 2010; Sharrett-Field et al., 2013) , but this highlights the need for a better understanding of what it means for there to be sex differences in "telescoping." The initial report of telescoping considered the onset and time course of alcohol dependence in men and women in a treatment program. This has been replicated a number of times, although not all studies have found evidence of greater telescoping in a treatmentseeking population of women compared with men (for a summary, see Diehl et al., 2007) .
Indeed, a recent analysis of evidence of telescoping using data from two United States national surveys found no evidence that women exhibit a shorter period of time from first use to dependence in the general population, but at the same time they reported a convergence in the overall hazard of alcohol dependence for men and women (Keyes et al., 2010) . The Sex Differences in Addiction discrepancy between an analysis of the general population and a treatment-seeking population can be explained by considering the mechanisms that influence the expression of this sex difference. There is evidence for 1) population differences in the susceptibility to alcoholism, in which more men than women are at risk, and 2) sex differences in the rate of progression from use to addiction within the most vulnerable population, with women progressing more rapidly. When the general population is considered, the effect of the larger population difference can be hypothesized to obscure the qualitative difference in the rate of progression to addiction.
The multiple types of sex differences can also obfuscate the differences between men and women. This points out the importance of carefully considering how a study is designed and what question is being asked. In addiction, we know that for both men and women only a subgroup is likely to end up being addicted. For questions of treatment and prevention, it is this at-risk population that needs to be studied.
2. Animal Models. Animal models of the binge/ intoxication stage of addiction can be considered as measuring acute drug reward/reinforcement, as well as the animal's motivation to take the drug. A reward can be defined as a positive reinforcer with some added positive hedonic value, such as pleasure. Positive reinforcement is represented by any event that increases the probability of an operant response. Animal models of positive reward and reinforcement are extensive and well validated and include intravenous or intracranial drug self-administration, place conditioning, and states of lower brain reward thresholds (Shippenberg and Koob, 2002) . Included here are measures such as the 
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rate of acquisition of drug taking, escalation of drug taking, and motivation to self-administer drugs. Some models also examine the preference for drugs compared with other natural rewards, such as food, or the rate of escalation of motivation for drugs (Roberts et al., 1989; Perry et al., 2013b Perry et al., , 2015 . Brain reward thresholds are measured by intracranial self-stimulation methodology, in which animals press a lever to obtain electrical stimulation of the medial forebrain bundle.
a. Ethanol. Nonhuman primates show similar sex differences as humans. Male cynomolgus monkeys that are given limited access and unlimited access to alcohol drink more than females and attain higher blood alcohol levels (Vivian et al., 2001 ). However, female rodents drink more than males (Eriksson and Pikkarainen, 1968; Hutchins et al., 1981; Li and Lumeng, 1984; Lancaster and Spiegel, 1992; Lancaster et al., 1996; Almeida et al., 1998; Juárez and Barrios de Tomasi, 1999; Blanchard et al., 1993; Walker et al., 2008; Maldonado-Devincci et al., 2010; Gamsby et al., 2013) .
Studies of sex differences in the acquisition of ethanol self-administration in rats have only been possible in selectively bred rats that prefer ethanol. In these rats, females exhibited greater intake than males during the first 10 days, but after that time, total intake was not different between males and females (Moore and Lynch, 2015) . In the Wistar rat, there are also sex differences in the rewarding versus aversive properties of ethanol that are dose dependent, with females displaying enhanced sensitivity to the rewarding effects of ethanol relative to males (Torres et al., 2014) .
Typically, studies of alcohol consumption in rats have used the two-bottle choice method to examine preference for alcohol over a 24-hour period. Female rats of various strains show greater alcohol intake and preference in two-bottle choice testing (Li and Lumeng, 1984) . When measuring the pattern of responding, these early studies also showed that females did not decrease intake as much as males when the alcohol concentration was increased (Lancaster and Spiegel, 1992; Meliska et al., 1995) . Note though that there are some studies that do not see a sex difference in ethanol intake in adult rats (van Haaren and Anderson, 1994; SchrammSapyta et al., 2014; .
Developmentally in rodents, there is some evidence of a female/male difference during the period of early postpuberty in rats, in which males drink more alcohol than females (Lancaster et al., 1996; . In mice, the emergence of greater alcohol consumption in adult females was not limited to a specific developmental period but was present across adolescence and adulthood (Tambour et al., 2008) .
The neonatal estrogenization of females, which effectively confers a male phenotype on a genetically female brain (Patchev et al., 1995) , reduced ethanol intake compared with intact female rats and resulted in patterns of drinking that were similar to those displayed by intact male rats (Almeida et al., 1998) . These results indicate that sex differences in alcohol drinking and alcohol drinking patterns may be at least partially attributable to biologic differences in the female rat brain that arise because of the developmental hormonal milieu.
b. Cocaine and other stimulants. Female rodents escalate drug use more rapidly than do males, consistent with what is reported in humans (Becker and Hu, 2008; Anker and Carroll, 2011; Becker et al., 2012) . Female rats acquire cocaine taking more rapidly than males, progress to addictive-like behavior more rapidly than males, and are more highly motivated to take cocaine than are male rats (Becker and Hu, 2008; Perry et al., 2013b Perry et al., , 2015 . In both males and females, the formation of a preference for cocaine over tasty pellets is associated with reduced cocaine-induced dopamine overflow in the nucleus accumbens (Perry et al., 2015) . Furthermore, there are also population differences in rats, but in this case, more females than males are likely to develop a preference for cocaine over tasty pellets (Perry et al., 2013b (Perry et al., , 2015 . Whether this is a difference between alcohol and cocaine (or tasty pellets) or a species difference remains to be determined.
As reviewed recently (Becker et al., 2012) , female rats develop a conditioned place preference (CPP) for lower doses of cocaine than do males, whereas both sexes show equivalent CPP at higher doses of cocaine. The reinstatement of CPP is also more pronounced in females at higher cocaine doses.
Female rats also "binge" longer and take more cocaine when allowed access for 7 days than do males (Lynch and Taylor, 2004) . However, once females develop an "addicted" phenotype, their behavior looks very similar to that of males (Ramôa et al., 2013; Perry et al., 2015) .
c. Opiates. There are sex differences and strain differences in the rewarding properties of morphine, but female rodents generally also show more opioid reward than male rodents. In Wistar rats, low doses of morphine are more rewarding to females than to males (Karami and Zarrindast, 2008) . In Sprague-Dawley rats, however, there is no difference in morphineinduced CPP between males and females at lower doses, but females continue to display CPP at high doses of morphine that males do not prefer (Cicero et al., 2000) . Females acquire morphine and heroin self-administration faster and show a higher motivation to self-administer morphine and heroin than do males (Lynch and Carroll, 1999; Cicero et al., 2003; Roth et al., 2004) . Thus, sex differences in the rewarding value of morphine vary according to the strain of rat and dose that is used to test CPP.
d. Nicotine. As was seen in women, stress promotes the initiation of nicotine intake in female rats (Torres and O'Dell, 2015) . Furthermore, female rats acquire Sex Differences in Addiction nicotine self-administration at lower doses than do males and display higher rates of self-administration then males (reviewed in Torres and O'Dell, 2015) .
e. Cannabinoids. In one study, the cannabinoid-1 (CB1) receptor agonist WIN55,212-2 was tested in three strains of rats. Female Long-Evans and Lister Hooded rats but not Sprague-Dawley rats acquired stable responding more rapidly and took more WIN55,212-2 than did male rats of the same strains (Fatttore et al., 2007) . Thus, in two of the three strains, females exhibited greater intake of the CB1 agonist.
B. Sex Differences in the Withdrawal/Negative Affect Stage 1. Clinical Evidence. Women have greater sensitivity to ethanol-or ethanol withdrawal-induced harm compared with men (Hommer, 2003) . In adolescent humans, high-dose drinking is associated with elevated negative affect, and such negative mood states may take longer to resolve for girls than for boys following heavy drinking episodes (Bekman et al., 2013) .
Sex differences also exist with regard to both the nature of the neuroadaptations to ethanol during the development of dependence (as reflected in a withdrawal state) and the neurotoxic consequences of alcohol dependence. As noted above, women exhibit more rapid development of alcoholic liver disease and neurotoxicity (Norton et al., 1987; Lishman et al., 1987; Hommer, 2003; Mann et al., 2005) .
Women exhibit greater symptoms on motivational measures of withdrawal in the withdrawal/negative affect stage with psychostimulant drugs. For example, women smokers report increased negative affect during withdrawal and have increased levels of cortisol (Hogle and Curtin, 2006) . The self-report did not appear to result from experiencing an exacerbated initial negative response to stressors in their environment but instead appeared to reflect their overall affective experience relating to their ability to recover from or otherwise effectively regulate their negative affective response (Hogle and Curtin, 2006) . These results suggest that it may be particularly important to overcome deficits in emotional regulation that occur during acute nicotine withdrawal in women (Hogle and Curtin, 2006) . Female smokers may have less success in smoking cessation, thus explaining the narrowing of the male/ female ratio of smokers in the 1990s (Perkins et al., 1999) .
2. Animal Models. The withdrawal/negative affect stage is measured in tests of anxiety-like responses, decreases in pain thresholds, elevations in reward thresholds, conditioned place aversion (versus CPP) to either spontaneous or precipitated withdrawal from chronic drug exposure, and extended access-or dependence-induced increases in drug-seeking behavior during withdrawal. Rodents will increase intravenous or oral self-administration of drugs with extended access to the drugs and during withdrawal from the dependent state, measured both by an increased amount of drug administration and working exponentially harder to obtain the drug in progressive-ratio schedules of reinforcement. Such increased self-administration in dependent animals has been observed with cocaine, methamphetamine, nicotine, heroin, and alcohol (Ahmed and Koob, 1998; Ahmed et al., 2000; Roberts et al., 2000; Breese et al., 2005; Kitamura et al., 2006; O'Dell et al., 2007) .
a. Ethanol. From the perspective of actual signs and symptoms of withdrawal, males generally show a greater withdrawal response and slower recovery from acute alcohol withdrawal (Varlinskaya and Spear, 2004; Reilly et al., 2009; Carroll and Anker, 2010) . For example, male rats, compared with females, that were withdrawn from alcohol had greater physical signs of withdrawal, such as greater seizure susceptibility (Devaud and Chadda, 2001) . Perhaps more relevant, male rats also showed greater motivational signs of withdrawal, such as anxiety-like responses in the social interaction test (Varlinskaya and Spear, 2004) and elevated plus maze after one cycle of exposure to a liquid diet (Overstreet et al., 2004) . Males showed greater increases in acoustic startle responses than either intact female rats or ovariectomized female rats (Reilly et al., 2009) , and males showed greater hangover-like anxiety-like responses (Varlinskaya and Spear, 2004) . Chronic ethanol exposure/withdrawal results in modestly elevated ethanol intake in male HAP-2 mice. In contrast, HAP-2 females did not show changes in ethanol intake (Lopez et al., 2011) .
Ethanol withdrawal increases plasma corticosterone in male but not female rats (Janis et al., 1998) , whereas plasma and brain levels of 3a,5a-tetrahydroprogesterone (allopregnanolone) are markedly higher in female rats than in male rats (Purdy et al., 1991) . Female rats are also more sensitive to the anxiolytic-like and anticonvulsant effects of allopregnanolone during withdrawal (Devaud et al., , 2003 .
Ethanol withdrawal has also been shown to be reduced in female versus male mice, and this may be related to the increased activity of progesterone and endogenous neurosteroids (Tanchuck-Nipper et al., 2015) . Increased levels of progesterone and allopregnanolone are associated with less intense alcohol withdrawal symptoms (Martin-Garcia and Pallares, 2005) . Thus, the reduced aversive effects observed during ethanol withdrawal in female versus male animals may be attributable to anxiolytic-like effects of progesterone and allopregnanolone . Consistent with these observations, an increase in acute ethanol withdrawal severity in female Withdrawal Seizure-Prone and Withdrawal Seizure-Resistant mice after adrenalectomy and gonadectomy confirms evidence that withdrawal from a high dose of ethanol can be modulated by anticonvulsant steroids that are 250 produced in the periphery (Strong et al., 2009 ). In contrast, in this study, adrenalectomy and gonadectomy did not alter withdrawal severity in male Withdrawal Seizure-Prone and Withdrawal Seizure-Resistant mice.
Male and female mice that are exposed to the same number of repeated cycles of ethanol administration and withdrawal also exhibit differences in the expression of seizures. Males show the typical sensitization of seizures or a kindling response, which has been reported clinically as well as in animal models, but females do not. The reason for the lack of seizure sensitization in female mice remains to be elucidated but may be related to sex differences in alcohol's effects on excitatory/inhibitory neurotransmission rather than to blood alcohol level differences (Veatch et al., 2007) .
Female rats also show differential responses to the development of alcohol withdrawal and recover more quickly than male rats (Devaud and Chadda, 2001; Walls et al., 2012) . Female rats were slower to develop dependence as measured by ethanol withdrawal seizure sensitivity and were quicker to recover compared with male rats (Devaud and Chadda, 2001 ). The faster recovery for females than males also includes the expression of tolerance to the hypnotic effects of ethanol and may involve some differential neuroadaptations in glutamatergic signaling (Walls et al., 2012) .
Neurochemical studies have shown notable differences in g-aminobutyric acid (GABA)-ergic and glutamatergic neurotransmission with chronic ethanol, such as a decrease in GABA a1 receptor subunits in the cerebral cortex in male rats but not in female rats (Devaud et al., 2000) . Female rats but not male rats showed differences in the GluN2B subunit of the N-methyl-D-aspartate (NMDA) receptor in the cortex Devaud and Chadda, 2001; Devaud et al., 2003) .
A comparison of hippocampal slice cultures that were derived from postnatal day 2 (PND2) or PND8 rats showed that at PND8, the female hippocampus may be more sensitive to polyamine (targeting GluN2 NMDA receptor subunits)-induced neurotoxicity than the male hippocampus (Barron et al., 2008) . Chronic intermittent exposure to ethanol at a very high dose (100 mM) in organotypic hippocampal slices from PND8 rats similarly elicited a toxic response in the CA1 and dentate gyrus subregions of the hippocampus that was greater in females than in males, which was exacerbated by exposure to pentylenetetrazol (Walls et al., 2013) . Altogether, these data show that there are sex differences in the response to the toxic effects of ethanol in an immature state and differences in GluN2 subunit sensitivity during alcohol withdrawal. These may prove to be molecular targets that can be exploited to moderate alcohol withdrawal in a sex-specific manner (Sharrett-Field et al., 2013) .
b. Cocaine and other stimulants. Female rats with extended access to cocaine showed greater intake during escalation and showed significantly greater running during a 14-day abstinence period than males given 2-hour/day access to a running wheel (Peterson et al., 2014) . Female rats also showed an "addicted phenotype," self-administering more cocaine with greater dysregulation of cocaine intake with 24-hour access and greater motivation for cocaine after forced abstinence than male rats (Lynch and Taylor, 2004) . Female rats but not male rats showed impairment in an object placement task during withdrawal from chronic amphetamine (Bisagno et al., 2003) . Altogether, the results suggest that females may have an enhanced vulnerability to the neuroadaptive changes that lead to the binge/intoxication/escalation of drug intake but may be similar to males once intake is well-established.
c. Opiates. Consistent with the alcohol data, physical signs of opioid withdrawal are more pronounced in male than in female mice (Diaz et al., 2005) . Additionally, the duration of withdrawal symptoms during spontaneous withdrawal from opioids is longer in male than in female rats (Cicero et al., 2002) . When acoustic startle is used as an index of withdrawal, there was no sex difference after acute morphine withdrawal in rats (Radke et al., 2015) .
d. Benzodiazepines. Sex differences in withdrawal from other drugs of abuse suggest a different pattern from that of alcohol and perhaps opioids. From the perspective of actual signs and symptoms of withdrawal, females generally show a greater withdrawal response than males. For example, female rats show greater "physical" withdrawal than male rats from pentobarbital (Suzuki et al., 1992) and methaqualone (Suzuki et al., 1988) . Additionally, diazepam-dependent female rats, compared with diazepam-dependent male rats, showed more intense flumazenil-precipitated physical withdrawal and motivational withdrawal (i.e., vocalizations; Sloan et al., 2000) .
e. Nicotine. In a mouse study, continuous nicotine exposure in the drinking water produced an anxiogeniclike response in the elevated plus maze in females but failed to produce an anxiogenic-like response in males during withdrawal (Caldarone et al., 2008) . Female rats showed greater adrenocorticotropic hormone levels during nicotine withdrawal. Corticosterone increased only in females in response to nicotine after continuous nicotine exposure, and corticosterone responses were increased in females after the precipitation of withdrawal (Gentile et al., 2011) . In other studies, female rats exhibited greater symptoms of nicotine withdrawal, including an exaggerated stress response, compared with males (Torres and O'Dell, 2015) .
Another exception to the enhanced sensitivity of females to motivational withdrawal is the observation Sex Differences in Addiction in nonhuman primates that males are more responsive to the aversive effects of phencyclidine withdrawal, measured by the suppression of operant responding , a result similar to the one observed with ethanol discussed above.
f. Cannabinoids. In a study of adolescent rats that received chronic dosing with D 9 -tetrahydrocannabinol (THC) on PND35-41, females showed a greater motivational withdrawal response, manifested by significant locomotor depression in female THC-treated rats during the drug abstinence period than in male THCtreated rats. There was also a significant anxiogeniclike effect in females during drug abstinence but an anxiolytic-like effect in males during drug abstinence (Harte-Hargrove and Dow-Edwards, 2012). Previous studies have also reported no sex differences in precipitated withdrawal (Marusich et al., 2014) .
To summarize, sex differences during withdrawal exist, and females tend to exhibit greater symptoms of motivational withdrawal (quantitative sex difference), with the exception of alcohol and possibly opioids, in which females show less withdrawal but greater negative affect than males. (Kosten et al., 1993; Hudson and Stamp, 2011) . Various hypotheses have been proposed, from increased withdrawal responses (see above) to increased reactivity to internal (emotional) cues (negative reinforcement) to increased sensitivity to external (drug-associated) cues (positive reinforcement; Hudson and Stamp, 2011) . For alcohol, cocaine, and nicotine, stress-induced relapse is a greater risk for women than for men (Kennedy et al., 2013; al'Absi et al., 2015; Torres and O'Dell, 2015) . Women also show a greater incidence of cue-induced craving and relapse for cocaine (Sinha et al., 2007; Kennedy et al., 2013) . In one study of smokers, lower cortisol with craving in men predicted relapse, whereas higher cortisol predicted relapse in women . No studies to our knowledge have investigated sex differences in the causes of relapse for opiates or cannabinoids.
C. Sex Differences in the Preoccupation
2. Animal Models. Most of the animal models discussed above have predictive validity for some components of the addiction cycle (e.g., compulsive use, withdrawal, or craving) and are highly reliable. Animal models of withdrawal can be focused on either motivational constructs of withdrawal or physical/somatic signs. Animal models of conditioned drug effects (e.g., reinstatement and place preference) are successful in predicting the potential for conditioned drug effects in humans. However, for such constructs as craving, predictive validity is more problematic, largely because of the inadequate formulation of the concept of "craving" in humans (Markou et al., 1993; Sayette et al., 2000; Tiffany et al., 2000) . Clearly, much remains to be explored about the face validity and predictive validity of unconditioned positive and negative motivational states and particularly the conditioned positive and negative motivational states associated with drug use, withdrawal, and relapse.
In preclinical research, there is enhanced drug-, cue-, and stress-induced reinstatement in animals models of alcohol and drug seeking in females compared with males Hudson and Stamp, 2011) . Animal models of craving, representing the preoccupation/anticipation stage of drug addiction, involve the reinstatement of drug-seeking behavior after extinction training and subsequent exposure to the drugs themselves, cues/contexts that are paired with drug self-administration, or stressors (Self, 1998; Shaham et al., 2003) . The latency to reinitiate responding or the amount of responding on the previously extinguished lever is hypothesized to reflect the motivation for drug-seeking behavior.
Stress-induced reinstatement most often involves the application of acute stressors that reinitiate drug seeking, such as foot shock, although more natural stressors should be used (Miczek et al., 2008) . In rats with a history of dependence, protracted abstinence can be defined as a period after acute withdrawal has disappeared and is often accompanied by elevations in drug intake or drug-seeking behavior (e.g., 2-8 weeks postwithdrawal from chronic drug self-administration in rats). Protracted abstinence has also been linked to elevations of brain reward thresholds, increased sensitivity to cues associated with withdrawal (conditioned place aversions to opioids), and increases in the sensitivity to anxiety-like behavior (alcohol) that have been shown to persist after acute withdrawal symptoms have subsided in animals with a history of dependence (Stinus et al., 2000; Valdez et al., 2002; Skjei and Markou, 2003; Niikura et al., 2013) . The stressinduced reinstatement of drug seeking and stressinduced reinstatement of anxiety-like states during protracted abstinence represent models of the persistent preoccupation/anticipation (craving) stage of the addiction cycle.
Male and female rodents differ in their stress response. Females exhibit greater basal and stressinduced glucocorticoid secretion and a greater stress response in the paraventricular nucleus of the hypothalamus than do males (for a detailed review, see Handa and Weiser, 2014) . Estradiol enhances the stress response during the estrous cycle in rats and monkeys, whereas progesterone tends to inhibit the response. Sex differences in the stress response are mediated by both adult levels of gonadal hormones and developmental programming of the stress axis (Handa and Weiser, 2014 ). 252 Becker and Koob As stated in Bangasser and Valentino (2014) :
"Preclinical data demonstrates sex differences in several cellular and molecular mechanisms, including cell signaling, peptide expression, hormone release, receptor trafficking, synaptogenesis, and dendritic remodeling. What is remarkable is that at each level of analysis, sex differences exist that can be linked to increased endocrine, emotional, and/or arousal responses to stress in females compared to males" (p. 313).
Thus, sex differences in the stress response may impact results at many levels, from the molecular results to the behavioral effects of a treatment. In rats, stress enhances the acquisition of self-administration (Haney et al., 1995) and the reinstatement of drug seeking for several types of drugs of abuse in both males and females (Feltenstein et al., 2011; Buffalari et al., 2012) a. Ethanol. Very little work has been done on sex differences in reinstatement with alcohol. One study in mice used CPP and showed that a dose of 2.5 mg/kg induced CPP in both males and females but with some age differences. This dose produced CPP in female mice at both early and late adolescence and in male mice only at early adolescence but also in males at a lower dose (1.25 mg/kg; Roger-Sanchez et al., 2012) . In a study of the alcohol deprivation effect (ADE), in which forced abstinence results in a rebound increase in alcohol intake, in adult rats of both sexes that began alcohol consumption during preadolescence or adolescence, female but not male rats increased ethanol intake after the second and third deprivation (showing an ADE), regardless of the age of onset of alcohol drinking (Garcia-Burgos et al., 2010) .
A similarly greater ADE in female versus male rats was observed in a strain with an inborn depressive-like phenotype (Vengeliene et al., 2005) , but a study of Indiana alcohol-preferring P rats showed no difference between male and females in the ADE (McKinzie et al., 1998) . Chronic circadian desynchrony that was induced by repeated light/dark phase shifts resulted in the sex-specific modulation of voluntary ethanol intake in High-Alcohol-Drinking-1 rats, reducing ethanol intake in males while slightly increasing intake in females (Clark et al., 2007) . In summary, there are few studies that have compared ethanol relapse models in male and female rodents, but there is the suggestion of an enhanced ADE and enhanced response to a stressor in females.
b. Cocaine and other stimulants. The reinstatement of cocaine seeking in rats is used as a model of relapse in humans. With limited access to intravenous cocaine self-administration, female rats show more nonreinforced responding and a prolongation of extinction Fuchs et al., 2005; Kosten and Zhang, 2008) . Under similar conditions, female rats also responded more to cocaine-induced reinstatement (Lynch and Carroll, 2000; Anker et al., 2009 ). In studies that used prolonged access to cocaine (24-hour access in discrete trials), female rats also showed enhanced responding on a progressive-ratio schedule during reinstatement after abstinence without extinction compared with males (Lynch and Taylor, 2004) .
Sex differences in the effects of stressors on the reinstatement of cocaine seeking are also seen in rats, with females presenting greater stress-induced reinstatement of cocaine seeking than males, as is seen in humans. For stress-induced reinstatement, females with limited access to cocaine self-administration showed greater yohimbine-induced reinstatement, and allopregnanolone blocked yohimbine-induced reinstatement in female but not male rats . By using intracerebroventricular CRF administration as the stressor in rats with limited access to intravenous cocaine, female high-responder rats responded more for cocaine than males (Buffalari et al., 2012) .
With limited access to methamphetamine, female rats also exhibited greater methamphetamine-and cue-induced reinstatement compared with males. Oxytocin suppressed methamphetamine-induced reinstatement in both sexes and cue-induced reinstatement in females only (Cox et al., 2013) .
c. Opiates. We could find no studies of sex differences in relapse to opiates. d. Nicotine. Although studies in rodents have found that stress promotes nicotine intake and relapse in female rats compared with male rats (Torres and O'Dell, 2015) , no sex differences in stress-induced reinstatement have also been reported (Feltenstein et al., 2012) .
e. Cannabinoids. With limited access to a synthetic cannabinoid, female rats responded more to drug and exhibited greater cue-induced reinstatement than male rats (Fattore et al., 2010) .
The most consistent finding across species is that females are more susceptible to stress-and cue-induced relapse. There may be variations in the extent of the sex difference, depending on the conditions and specific drug, but the role of stress and how it may differentially impact males and females during recovery from addiction is important to consider in treatment programs.
D. Effects of Hormones during the Reproductive Cycle in Females on Stages of Addiction
The menstrual cycle in humans and estrous cycle in rats and mice are not completely analogous (for a more complete discussion, see Becker et al., 2005) . The human menstrual cycle consists of follicular, periovulatory, and luteal phases. During the 10-to 12-day follicular phase, estradiol is secreted from the ovary as the follicle develops, with concentrations of estradiol increasing day by day. During the 2-to 4-day periovulatory phase, there is a rapid increase in estradiol that triggers the luteinizing hormone surge that induces ovulation. The luteal phase lasts 10-12 days and is Sex Differences in Addiction characterized by the release of relatively high concentrations of both estradiol and progesterone from the remnant of the follicle that is retained by the ovary (the corpus luteum). Menstruation occurs at the end of the luteal phase as hormone levels fall and overlaps with the beginning of the follicular phase ( Table 2) .
The female rat or mouse does not have a functional corpus luteum and so does not have a luteal phase. The estrous cycle consists of a 3-to 4-day follicular phase (termed metestrus or diestrus), followed by the periovulatory period (proestrus) when estradiol peaks, followed by an increase in progesterone. Behavioral receptivity occurs coincident with ovulation during estrus. By the onset of behavioral estrus, estradiol and progesterone levels have fallen. The estrous cycle terminates with ovulation after the brief increases in estradiol and progesterone that last less than 12 hours. The estrous cycle then begins again with the next follicular phase (Table 2 ). This means that it is not possible to find events during the estrous cycle that are analogous to the luteal or premenstrual phases because rats and mice do not have these phases. Nevertheless, the hormones estradiol and progesterone are the same for all mammalian species, and it is possible to model the effects of these hormones on drug taking in nonhuman animals.
1. Clinical Evidence. Nonalcoholic women, in some studies, show changes in ethanol intake during the course of the menstrual cycle (Podolsky, 1963; Sutker et al., 1983; Harvey and Beckman, 1985; Mello et al., 1990; McLeod et al., 1994; Evans and Levin, 2011; Kiesner, 2012; DiMatteo et al., 2012) but not in other studies (Tate and Charette, 1991; Terner and de Wit, 2006) . The most convincing data are found in studies that reported that higher premenstrual or menstrual distress and negative affective states were associated with higher alcohol intake ( Table 3 ). The data support the hypothesis that women with premenstrual syndrome have higher levels of alcohol use/abuse (Mello et al., 1990; Svikis et al., 2006; Evans and Levin, 2011; Kiesner, 2012) .
In one study, women with a premenstrual syndromelike pattern of affective responses reported (retrospectively) higher levels of distilled beverage alcohol use, a less negative affective response associated with alcohol use, and lower levels of sleep changes in relation to alcohol use, suggesting a form of negative reinforcement (Kiesner, 2012) . In another study with family historypositive individuals, in which subjects with premenstrual syndrome were excluded, there was a modest increase in the positive subjective response to alcohol during the luteal phase, lending support to previous clinical studies and suggesting that some women drink more alcohol in the late luteal phase to alleviate dysphoric symptoms, particularly women with moderate to severe premenstrual symptoms (Evans and Levin, 2011) .
The subjective effects of cocaine have been reported to be more intense during the follicular phase relative to the luteal phase of the menstrual cycle in women (Sofuoglu et al., 1999; Evans et al., 2002) . Men and women have the same response to cocaine in terms of "good drug effect." Only during the luteal phase are sex differences seen, when men have a greater positive response to smoked cocaine than women in the luteal phase (Evans and Foltin, 2010) . Hormonal status also plays an important role during abstinence that can lead to relapse. Clinical studies have shown a relationship between higher plasma levels of progesterone and the blunting of stress-induced cocaine craving in women (Sinha et al., 2007) .
In contrast, studies of the effect of the menstrual cycle on the subjective response to nicotine have reported reduced craving during the luteal phase . A related finding is that there was an enhanced effect of nicotine cues during the follicular phase (Franklin et al., 2015) . In another study, women with higher progesterone in the luteal phase reported more blunted subjective pleasure from smoking than women with lower progesterone (Goletiani et al., 2015) . For smoking cessation, greater withdrawal has been observed in human females during the luteal phase (O'Hara et al., 1989) . In a recent meta-analysis of smoking cessation studies, greater withdrawal was found during the luteal phase compared with the follicular phase (Weinberger et al., 2015) . Thus, the reduced subjective effect of nicotine during the luteal phase may contribute to less saliency of nicotine-related cues, but that does not necessarily correspond to reduced withdrawal symptoms. For cannabinoids, no effect of the menstrual cycle was found on use or negative affect (Moran-Santa Maria et al., 2014). Further work is needed with both cannabinoids and opiates.
2. Animal Models. a. Binge/intoxication. i. Ethanol. There is evidence of a reproductive cycledependent effect on alcohol intake in nonhuman species, but the hormonal relationships may be different from those in humans. In female Macaque monkeys, the animals self-administered significantly more alcohol at mid-cycle than during menstruation or during the luteal phase, with the lowest self-administration during menstruation (Mello et al., 1986) . The authors concluded that the data did "not support the hypothesis, derived from clinical data, that alcohol self-administration increases at the premenstrum in comparison to other menstrual cycle phases" (Mello et al., 1986) .
Animal models for ethanol consumption or preference usually rely on establishing the behavior with saccharin-sweetened solutions, so the rate of acquisition of ethanol consumption cannot be evaluated independently. The estrous cycle affects preference for ethanol in rodents, in which pregnant and lactating rats exhibited a reduced preference for ethanol, and preference was lowest during proestrus, but intact females had a greater preference for ethanol than ovariectomized rats (Forger and Morin, 1982) .
In intact females, higher drinking was observed during the diestrous stage of the estrous cycle (Forger and Morin, 1982; Roberts et al., 1998; Witt, 2007) . The highest level of ethanol intake occurred in diestrus in female rats that lever-pressed for ethanol with gonadotropin-releasing hormone-synchronized estrous cycles (Roberts et al., 1998) . Ethanol bout sizes also were significantly greater during estrus and diestrus (when circulating estradiol and progesterone are lowest) compared with proestrus (when both hormones are elevated; Ford et al., 2002) . Possibly consistent with these observations, allopregnanolone decreases ethanol drinking in male mice but has no effects in female mice (Sinnott et al., 2002) . Additionally, as noted above, ovariectomized female rats presented drinking that is comparable to that of male rats, and estradiol or estradiol + progesterone replacement did not rescue the decrease in drinking (Almeida et al., 1998) .
Altogether, the data suggest that there are sex differences in alcohol drinking in animal models. These differences are attributable to both organizational sex differences in the brain and hormonal status, possibly related to neurosteroids, albeit in a sex-specific way. Drinking can vary with the menstrual cycle in humans and the estrous cycle in animals, but the exact hormonal milieu that conveys this variability remains to be determined. Additionally, the effects of the estrous cycle in rodents, even when estrous cycles are synchronized, remain modest (in the range of 35% at maximum; Roberts et al., 1998) , suggesting that in situations of Sex Differences in Addiction 255 free-running cycles, any variance that is attributable to the estrous cycle will be masked by overall sex differences.
ii. Cocaine and Other Stimulants. Estradiol administration in ovariectomized females affects behaviors that are induced by psychomotor stimulants, including self-administration (Becker et al., 2012) . For example, ovariectomy attenuates cocaine self-administration, and estradiol treatment is sufficient to reinstate the acquisition of cocaine self-administration in ovariectomized rats (Lynch et al., 2001; Becker et al., 2012) . Furthermore, castration in male rats does not affect the acquisition of cocaine self-administration, and a dose of estradiol that enhances self-administration in female rats has no effect on cocaine self-administration in males (Jackson et al., 2006) . Female rats will work harder for cocaine during the estrous phase of the cycle than during other phases of the cycle. Estradiol enhances motivation in ovariectomized rats, and females work harder than males for cocaine at moderate doses (Roberts et al., 1989; Becker and Hu, 2008; Cummings et al., 2011) . In other studies, estradiol treatment increases the initial binge period and enhances cocaine self-administration .
The strength of CPP in females also depends on ovarian hormones. Ovariectomized females show a shift in the dose-response curve for CPP for cocaine or amphetamine, and replacement with estradiol and progesterone is necessary for the reinstatement of CPP in rats (reviewed in Becker et al., 2012) .
The finding that the motivation to self-administer cocaine is greater during the estrous phase of the cycle may be related to the finding that stimulant-induced dopamine release is enhanced during estrus relative to diestrus (Becker and Ramirez, 1980; Becker and Cha, 1989) . In contrast, we recently reported that cocaine intake and cocaine-induced dopamine overflow in the nucleus accumbens do not vary with the estrous cycle when animals are administering cocaine daily in a choice paradigm, but their intake of palatable food pellets varies with the estrous cycle (in the same animals). These results suggest that estradiol may be involved in the initial acquisition of drug-taking behavior, but once the behavior is well-established, it is no longer under hormonal regulation (Perry et al., 2013a (Perry et al., , 2015 .
Estradiol enhances the initial motivation to selfadminister drugs of abuse, such as cocaine, and this is clearly attributable to sexual differentiation of the brain during early life (Perry et al., 2013a) . Importantly, once addiction-like behavior is established, estradiol does not continue to play as important a role (Perry et al., 2015) . This is similar to the effect of estradiol in establishing maternal behavior, in which estradiol is necessary for the initial expression of the behavior, but once established, maternal behavior is maintained by cues from the pups. Thus, it seems likely that estradiol in females is involved in exacerbating the rate of escalation of drug taking by increasing the reinforcing effects of many drugs of abuse during the initial binge/intoxication stage.
iii. Opiates. Estradiol facilitates the acquisition of opioid self-administration in ovariectomized rats (Lynch and Carroll, 1999; Cicero et al., 2003; Roth et al., 2004) .
iv. Nicotine. In female rats, estradiol is necessary for the initiation of nicotine intake. Estradiol also plays a role in the effect to trigger relapse in females. Intact female rats exhibit greater anxiety-like behaviors and stress responses during nicotine withdrawal compared with ovariectomized rats (Torres and O'Dell, 2015) .
b. Withdrawal/negative affect. There are also modulating effects of development and ovarian hormones, indicating mechanistic sex differences and possibly explaining less alcohol withdrawal in females. Progesterone, from peripheral sources, can be converted to allopregnanolone in the brain to modulate withdrawal symptoms in females (Kaufman et al., 2010) .
i. Psychostimulants. Ovariectomized female rats with extended access using a discrete trials procedure failed to show greater motivation to take cocaine after extended access, and this effect was reversed by estradiol (Ramôa et al., 2013) . Estradiol facilitated responding in a discrete-trials procedure during escalation and the motivation to take cocaine during abstinence (Ramôa et al., 2013) .
c. Preoccupation/anticipation. i. Psychostimulants. On the first day of extinction training, females in estrus show greater responding in the absence of reward and show greater cocaine-induced reinstatement of cocaine seeking compared with males and proestrous and diestrous females (for review, see Becker et al., 2012) . Estradiol enhances cocaine-induced reinstatement in ovariectomized animals and augments cocaine seeking (Feltenstein et al., 2011) .
Similarly, a combination of cue-and yohimbineinduced reinstatement in limited-access intravenous cocaine self-administration showed a greater response in female rats, with a higher level during proestrus of the estrous cycle (Feltenstein et al., 2011) . Additionally, the estrous cycle modulates the effects of stress, with proestrous females displaying the greatest stressinduced reinstatement of cocaine seeking Feltenstein et al., 2011) .
However, in another study, female rats with limited access to cocaine responded more on the cocaine-paired lever and more during extinction and also showed more cocaine-primed reinstatement during estrus of the estrous cycle (Kippin et al., 2005) . More specifically, males and females in all estrous cycle phases exhibited significant dose-dependent reinstatement of cocaineinduced responding, with females in estrus showing higher levels of reinstatement following 10 mg/kg 256 cocaine relative to both males and females in other cycle phases (Kippin et al., 2005) . Curiously, these authors also reported no cue-induced reinstatement during estrus and argued that female rats attribute less motivational significance to the cue during this stage of the estrous cycle .
Progesterone and allopregnanolone (the levels of which are low during the estrous phase in rats) both selectively blocked cocaine-primed reinstatement only in female rats, and the effects of progesterone were blocked by finasteride, a drug that blocks the conversion of progesterone to allopregnanolone (Anker et al., 2009) , suggesting a role for progesterone in drug-primed cocaine reinstatement. Estradiol, in contrast, increased cocaine-primed reinstatement in limited-access conditions . Estradiol also facilitated escalation with extended-access intravenous cocaine self-administration, and progesterone inhibited escalation .
Thus, drug (cocaine)-primed reinstatement is greater during phases of the estrous cycle when estradiol is elevated, but cue-induced reinstatement is blunted. One hypothesis is that the state of mesocorticolimbic dopamine activity is greatest during estrus (linked to low levels of progesterone and high levels of estradiol), and this enhances greater drug responding and as such differentially affects drug-versus cue-induced reinstatement. Indeed, the mesocorticolimbic dopamine pathway, at least at the level of the dorsal striatum, shows a peak response to amphetamine during proestrus and estrus (Becker and Cha, 1989) and greater basal levels in estrus (Xiao and Becker, 1994) .
ii. Cannabinoids. With limited access to a synthetic cannabinoid, female rats responded more to drug and exhibited greater cue-induced reinstatement than ovariectomized female rats, implicating estradiol in cannabinoid intake (Fattore et al., 2010) .
IV. Sex Differences in the Neurobiology of Addiction
We will only provide a brief overview to provide a context for the sex differences described previously and refer the reader to recent reviews (e.g., Becker et al., 2012) . The vast majority of research on the effects of abused drugs and neural changes that underlie dependence has focused on neurotransmission within the three stages of the addiction cycle and the functional domains therein. For the binge/intoxication stage, such neurotransmitters as dopamine and opioid peptides play key roles in the basal ganglia to facilitate drug reward, incentive salience, and habit formation (Fig. 2) .
Neurotransmission within the nucleus accumbens/ dorsal striatum is heavily influenced by dopamine signaling that originates primarily from the ventral tegmental area and substantia nigra pars compacta. These brain regions contain multiple classes of local and projection neurons with diverse phenotypes, but we will focus herein on dopamine and endogenous opioids (e.g., enkephalins),.
As reviewed in Becker et al. (2012) , the firing rate of dopamine neurons in the ventral tegmental area fluctuates over the course of the estrous cycle, with generally higher firing rates and more burst firing in estrous and diestrous female rats relative to those in proestrus. This is thought to be reflected in variations in extracellular dopamine concentrations that are seen with microdialysis across the estrous cycle (Xiao and Becker, 1994) . Dopamine transporter expression and function also change over the reproductive cycle and after ovariectomy and hormone replacement, which may contribute to sex differences in extracellular dopamine concentrations.
Estradiol treatment in ovariectomized female rats enhances the cocaine-induced increase in dopamine in the dorsolateral striatum of females but not males . There is a significantly lower cocaine-induced increase in dopamine in the nucleus accumbens in ovariectomized females compared with males with or without estradiol treatment . A similar sex difference was reported for the dopamine response to amphetamine in the nucleus accumbens core Virdee et al., 2014) and dopamine response to nicotine in the ventral striatum in humans (Cosgrove et al., 2014) . Munro et al. (2006) reported that men had greater dopamine release in the nucleus accumbens and presented greater subjective effects in response to amphetamine compared with women. Fig. 2 . Sagittal section of a rodent brain showing the major neurotransmitter systems implicated in sex differences associated with drug addiction. The basal ganglia (blue) are implicated in the rewarding and incentive salience effects of the binge/intoxication stage, with inputs from the mesocorticolimbic dopamine system and opioid peptides. The extended amygdala (red) is implicated in the stress surfeit effects of the withdrawal/negative affect stage and contains the stress neurotransmitters corticotropin-releasing factor and dynorphin. The frontal cortex (green) is implicated in executive function deficits that are associated with the preoccupation/anticipation stage, with glutamatergic projections to the basal ganglia and extended amygdala. Fcx, frontal cortex; DS, dorsal striatum; NAc, nucleus accumbens; BNST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; LC, locus coeruleus; VTA, ventral tegmental area; SN, substantia nigra; NST, nucleus tractus solitarius.
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Male rats with lower nucleus accumbens dopamine were shown to be more impulsive and more likely to develop addiction-like behaviors (Belin and Everitt, 2008) . Thus, the lower cocaine-induced dopamine response in the nucleus accumbens in females may play a role in the greater addiction-like behavior in female rats. Both male and female rats that developed addiction-like behavior exhibited a reduction of cocaine-induced dopamine in dialysate in the nucleus accumbens (Perry et al., 2015) .
As discussed above, estradiol enhances the behavioral responses to and reinforcing effects of amphetamine and cocaine in female rats (reviewed in Becker and Hu, 2008) . In addition to the effects of estradiol on dopamine release, although there are no sex differences in dopamine D 2 receptor densities, estradiol rapidly downregulates D 2 receptor binding in females but not males. In cell cultures, pretreatment with estradiol reduced the D 2 receptor inhibition of adenylate cyclase activity and enhanced the D 1 receptor activation of adenylate cyclase. Additionally, estradiol treatment decreased the expression of regulator of RGS9-2, a guanosine triphosphatase-activating protein associated with D 2 receptor signaling (reviewed in Yoest et al., 2014) .
For the withdrawal/negative affect stage, the stress neurotransmitters CRF and dynorphin play a key role in the extended amygdala to facilitate hormonal and behavioral responses to stressors. As noted above, female rodents exhibited greater basal and stressinduced glucocorticoid secretion and a greater stress response than male rodents. Although less studied than sex differences associated with the dopamine system, there is some evidence that CRF and dynorphin responses are greater in female rats than in male rats during acute withdrawal (Bradshaw et al., 2000; Blednov et al., 2006; Silva and Madeira, 2012; Torres et al., 2013; Garcia-Carmona et al., 2015) . However, females are less sensitive to the analgesic effects of m and k opioids (Negus et al., 2002; Barrett et al., 2002) .
For the preoccupation/anticipation stage, disruptions in glutamate or GABA neurotransmission play a key role in the disinhibition of both impulsivity (dorsal basal ganglia) and compulsivity (brain stress systems) via the medial prefrontal cortex, all leading to impairments in executive function. As such, there is some evidence of sex differences in these domains, with increased CRFinduced drug reinstatement (Buffalari et al., 2012) , presumably reflecting a disinhibited CRF stress system that is particularly sensitive to k opioid receptor antagonism (Deehan et al., 2012) , and increased sensitivity to allopregnanolone in blocking methamphetamineinduced reinstatement (presumably reflecting changes in the sensitivity of GABAergic systems; Holtz et al., 2012) . Notably, however, the decrease in ethanol withdrawal and facilitation of recovery from ethanol withdrawal appear to involve alterations in glutamatergic function (Devaud and Alele, 2004) . Additionally, there is evidence that male rats may be more sensitive to a hypocretin-1 receptor antagonist in blocking cueinduced reinstatement (Zhou et al., 2012) .
When using a cocaine self-administration/reinstatement model to examine neuronal activation with Fos expression in male and female rats, only Fos expression in the prelimbic cortex, nucleus accumbens shell, basolateral amygdala, and ventral subiculum were positively correlated with lever responding in response to conditioned cues across males and females. In contrast, females exhibited higher Fos expression than males in multiple brain regions, including the agranular insular cortex, dorsomedial caudate putamen, nucleus accumbens shell, ventral tegmental area, dorsal subiculum, and ventral CA1 and CA3 regions of the hippocampus. Although these findings indicate that cue-induced cocaine seeking and neuronal activation may be similar for males and females in key brain regions of the relapse circuit, sexually dimorphic Fos activation was shown to occur for the underlying neuronal substrates (Zhou et al., 2014) . In light of this, particularly intriguing was a gene expression profile approach to the study of withdrawal seizure-prone and withdrawal seizureresistant mice. A prominent common gene regulatory node in the medial prefrontal cortex that was activated during acute withdrawal for both sexes was the nuclear factor kB transcription factor, but the immune response was dramatically sexually dimorphic, with females presenting a proinflammatory gene expression profile and males presenting an anti-inflammatory gene expression profile (Wilhelm et al., 2014) . The authors suggested that each stage of the addiction cycle is differentially influenced by sex versus genetic background, and they argued for the development of stageand sex-specific therapies for alcohol withdrawal and relapse prevention. Altogether, these results suggest both quantitative and qualitative differences between males and females in key neurotransmitter systems associated with the stress component of the withdrawal/ negative affect stage.
V. Summary
Significant sex differences in responses to drugs of abuse can be found in the human condition and in animal models. In humans, men engage in more drug taking and more alcohol consumption and present higher levels of misuse. However, the pronounced differences between men and women have been declining, and the misuse of drugs and alcohol in women is rapidly approaching that of men. The apparent population sex differences of addicted men and women that have been seen in the last century may be related more to cultural factors than to underlying biology. In adolescents, the sex difference in the use of drugs and alcohol has virtually disappeared. For some drugs, girls use them more than boys. This illustrates that drug use patterns in humans reflect both biological mechanisms and the social and legal constraints that our societies place on the use of drugs that can differentially affect men and women.
In animals, there are quantitative sex differences in the biological processes that are associated with addiction, and there may also be population and mechanistic sex differences. Female rats generally acquire the selfadministration of drugs and alcohol more rapidly, escalate their drug taking with extended access more rapidly, show more motivational withdrawal, and where tested in animal models of "craving," show greater reinstatement. The one exception is that female rats exhibit less motivational withdrawal from alcohol.
The basis for these quantitative sex differences appears to be organizational, in which estradioltreated neonatal animals present the male phenotype and also depend on the activational effects of gonadal hormones, in which adult ovariectomized females resemble the male phenotype in most cases. For female humans and animals, differences within the menstrual cycle/estrous cycle can be observed but are relatively minor. In humans, there is some evidence of increased alcohol intake in females during the premenstrual stage of the menstrual cycle and increased withdrawal during the luteal phase of the menstrual cycle. For animals, there are modest effects of estrous cycle on drug-and alcohol-seeking behavior. Where observed, progesterone decreases drug-seeking behavior and estradiol increases drug-seeking behavior. These hormonal effects appear to be most prevalent during the acquisition of drug taking and less influential once compulsive drug taking is established. The decreased alcohol withdrawal response in females appears to be directly linked to the presence of progesterone and its metabolites in females and their actions on GABAergic neurotransmission. Little is known of the neurobiological bases for sex differences in animal models related to the three stages of the addiction cycle. Where there are data, however, the findings support roles for the dopaminergic system in the binge/intoxication stage and the brain stress systems in the withdrawal/negative affect and preoccupation/anticipation stages.
Thus, pronounced sex differences exist in animal models in the domain of drug addiction, paralleling those of humans with regard to mechanism. This review emphasizes both significant differences in the phenotypes of females and males in the addiction domain and notably the paucity of data that hampers our understanding of such differences.
VI. What We Do Not Know
We have identified ways to think about and study sex differences using preclinical animal models. We identified clear qualitative, quantitative, population, and mechanistic sex differences using an addiction domain framework. Nonetheless, much remains to be understood. Largely unknown are the brain changes that occur that convey the female phenotype of faster acquisition of self-administration of drugs and alcohol, the more rapid escalation of drug taking with extended access, the manifestation of more motivational withdrawal, and greater reinstatement.
Although the basis for these quantitative sex differences appears to be organizational, they also depend on the activational effects of gonadal hormones. How are these organizational and activational effects mediated? There are sexually dimorphic brain regions, such as the dorsal striatum, prefrontal cortex, nucleus accumbens, and medial extended amygdala, that contain gonadal hormone receptors that should be explored. Modern brain techniques for molecular, cellular, and circuitry analysis should be applied.
To date, differences within the estrous cycle can be observed but are relatively minor, but they may be relevant if they can be linked to human conditions in which menstrual cycle effects are evident, such as in the role of negative emotional states in withdrawal and relapse. Few studies have analyzed data with regard to uncovering evidence of population differences within male and female rodents. The responsibility for filling the gaps in knowledge may lie more in the human framework of diagnosis than in the animal models domain Deroche-Gamonet, 2013, 2014; Badiani, 2014; George et al., 2014; Ahmed, 2014; Kalivas and Gipson, 2014; Tiffany, 2014; Litten et al., 2015) .
Finally, all drugs of abuse are not identical with regard to how they impact the addiction cycle, and alcohol in particular appears to produce some unique sex differences in the withdrawal/negative affect stage. Further work is needed in this domain. The gaps in our knowledge emphasize the significant differences in the phenotypes of females and males in the addiction domain and the exciting challenge of understanding a major part of individual differences in our search for the keys to understanding human biology.
